Choked gas flows in microchannels have been reported before based solely on experimental measurements, but the underlining physical mechanism has yet to be clarified. In this work, we are to explore the process via numerical modeling of choked gas flows through a straight microchannel that connects two gas reservoirs. The major theoretical consideration lies in that, since the gas in microchannels may not be necessarily rarefied even at a high Knudsen number, a generalized Monte Carlo method based on the Enskog theory, GEMC, was thus used instead of direct simulation Monte Carlo (DSMC). Our results indicate that the choked gas flows in microchannels can be divided into two types: sonic choking and subsonic choking, because the sonic point does not always exist even though the gas flows appear choked, depending on the inlet-outlet pressure ratio and the length-height ratio of the channel. Even if the gas flow does not reach a sonic point at the outlet region, the effective pressure ratio (p i /p o ) acting on the channel becomes asymptotically changeless when the pressure ratio on the buffer regions (p i /p o ) is higher than a certain value. The subsonic choking may caused by the expansion wave or the strong non-equilibrium effect at the outlet.
Introduction
In the past two decades, developments of MEMS/NEMS technologies have enabled us to fabricate various microfluidic or nanofluidic devices [1] [2] [3] [4] with unique functions such as sensing, cooling and actuating. Especially the gas microfluidics, including micro nozzles [5] [6] [7] , micro gas flowmeters [8, 9] and other micro-metering gas sensors [8, 10] , have attracted more and more attention owing to their distinctive capabilities and applications. Recently, the gas percolation mechanism in nano-pores requires urgent demands because of tight gas reservoir or shale gas recovery and developments [11, 12] . Therefore, a better and accurate understanding of the mechanisms of gas flow and heat transfer in microchannels and nanochannels is very important and critical for design and analysis of micro-and nanosystems [3, 4] . The previous studies have reported some special characteristics of gas flow and heat transfer in micro-and nanochannels at high Knudsen number [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . When the gas density is sufficiently low so that it can be treated as ideal gas, the micro gas flow shows similar behaviors as rarefied gas, including flow slip and temperature jump on surfaces [30] ; if the gas is so dense however that the assumption of ideal gas breaks down, the non-ideal gas effect will influence the flow resistance and heat transfer on surfaces [16, 22] . Such non-ideal gas flow in microchannels renders a direct challenge to the conventional theories and it is therefore crucial to study the new physics and clarify the mechanisms in such flow and heat transfer processes.
As well known, in the classical gas dynamics, when the inletoutlet pressure ratio reaches certain value, gas flow in a channel at continuum scale (i.e. Kn 1), either variable cross-section or a straight one, will be choked because of the occurrence of the sonic point, at the throat position for the variable cross-section nozzle or at the center of exit for the straight channel [31] . However, experimental studies have demonstrated that gas flows driven by a pressure difference through microchannels behave differently from such classical theories [6, 17, 24, 32] . For micro-nozzles with variable cross sections, once the gas flow is choked, the sonic point moves backwards from the throat due to the higher viscous dissipation at smaller cross section [6] . For straight microchannels, both experiments and numerical simulations have reported other anomalous behaviors of choked gas flows [17, 32] . For instance, Yao et al. [17] found through experiments that when the inlet-outlet pressure ratio reached a critical value in a long straight microchannel connecting two gas reservoirs, the mass flow rate became constant, and meanwhile the outlet Mach number was found below 1. They called such phenomenon as subsonic choked gas flow, and ascribed it to a general "surface effects" [6, 17] . Consequently, a numerical modeling was conducted, using the direct simulation Monte Carlo (DSMC) method, of a straight microchannel (without reservoirs), and the results showed that the sonic point still appeared http://dx.doi.org/10.1016/j.physleta.2015.07.036 0375-9601/© 2015 Elsevier B.V. All rights reserved.
when gas choked but only around a small area at the outlet, thus leading the averaged velocity across the channel into the subsonic regime [33] . However, the mechanisms of small-area-sonic-point cannot explain the choking appearance for long channels when the sonic point never appears. One the other side, theoretical studies have indicated that the mass flux in a long microchannel driven by finite pressure difference approaches its minimum when the Knudsen number is around 1. Yet, no theories are available to explain the subsonic choked gas flow at small Knudsen numbers in the previous experiments.
In this present work, the mechanism of choked gas flows in straight microchannels is investigated using numerical simulations. Considering the greater surface friction in microchannels than that in conventional channels, a Monte Carlo method based on the Enskog theory for dense gases which thus has a broader capability than the direct simulation Monte Carlo (DSMC) method is used for the high-density high-Kn gas flows. To explore the physics of the anomalous choking in microchannel gas flows, the existence of sonic point, the unique feature in such cases, is examined by considering the effects of rarefaction, pressure distribution or propagation of pressure waves, and surface friction.
Methods
Since the inlet pressure usually has to be sufficiently high to overcome the high surface friction and to drive the gas flowing through the microchannel, the gas density will change gradually from high (dense) to low (rarefied) [17] . At the same time, the tiny characteristic length in the microchannel leads to a high Knudsen number, even at the high densities of gas. The temperature also drops drastically near the exit of the channels due to gas expansion into even lower ambient pressure [5] . Consequently both assumptions of rarefied gas and ideal gas, the important foundations for conventional theories, will break down in these cases [16] . In this work, a Monte Carlo method based on the Enskog equation, thus termed the generalized Enskog Monte Carlo method (GEMC) [34] , is adopted to simulate the gas flows in a straight microchannel.
The GEMC method is developed for non-ideal gas by considering the high-density effect on collision rates, and for a LennardJones fluid, by including both repulsive and attractive molecular interactions. By means of the Enskog theory, the enhanced collision rate can be determined with the excluded molecular volume and the shadowing/screening effects. Furthermore, the internal energy exchange model is also developed based on the Parker's formula [35] , to work with the generalized collision model [34] [35] [36] . Therefore the equation of state for a non-ideal gas is derived from the Clapeyron equation to the van der Waals equation by considering the finite density effect and van der Waals intermolecular force [34] . GEMC has been proved valid for both ideal and non-ideal gas flow and associated heat transfer [22] , and is suitable for a wide temperature region [34] . When the gas is at a low density, GEMC will degrade to DSMC. Similar to DSMC [37] , GEMC requires the cell size smaller than the mean free path of the gas molecules and the computational time step less than the mean collision time, to ensure the accuracy of simulation results.
In the previous experiments [17] , the microchannel connecting two gas chambers, the pressure of each chamber was kept at a different yet fixed value, and the gas was driven through the microchannel by the pressure difference. To compare with their experimental results, we added two identical buffer regions at ends of the microchannel in our model shown in Fig. 1 , and set the walls temperature at 300 K. Two chosen pressures, p i and p o , are given to the buffer regions [38] , and for simplicity without losing the generality, we actually designate the outlet pressure to reduce gradually to vacuum in our simulations. The actual inlet and outlet pressures, p i and p o , i.e., the effective pressure ratio (p i /p o ), act- ing on the microchannel, are related to the geometries of channel and the boundary conditions and determined from the simulations. The microchannel is L in length and H in height. The channel height (H ) is typically set 0.1 micron in the following cases, and may vary from 0.01 to 1 micron depending on requirement of Kn variations. The buffer zone is 3H in height and L b = H in length, or the length-height ratio s = L/H = 3. Prior to simulation, we first checked size effect of buffer zones by altering their dimensions, and no noticeable difference in the results was found, as long as both buffer zones remain identical in shape and in ratio s. However, the predictions changed significantly if no buffer zones were attached. Also in our simulation, the length-height ratio s of the microchannel, which impacts the surface resistance to the gas flow, is altered to check its effect.
Simulation results and discussions
In our simulation, by varying the outlet pressure p o for a given inlet pressure p i , we pay attention to two key dimensionless parameters: the inlet-outlet pressure ratio (p i /p o ) and the lengthheight ratio (s). To demonstrate the validity of our model, we run the simulation on a short microchannel (s = 5) which has been adapted by other studies [33] , just to detect the occurrence of sonic or subsonic choked flows by changing the inlet pressure (p i ) from 0.01 to 0.5 MPa. The influence of the surface friction on the gas choking behaviors in microchannel is then studied by switching the length-height ratio(s) from 5, 10, 15, 20, 30 to 40 for a given inlet pressure p i . The results are illustrated and discussed as follows.
Sonic and subsonic choking
In comparison to the previous numerical simulations [33] on gas flow in a short microchannel driven by an inlet pressure at 1 atm, the case with s = 5 and p i = 0.1 MPa is repeated as the first step. The pressure contour calculated is shown in Fig. 2(a) , indicating that the distribution of pressure in the same cross-section of channel is non-uniform, especially at the boundaries with a dramatic change in the outlet buffer region: thus the pressures referred to hereafter are all the mean values of the corresponding cross sections. Another interesting issue to us is to check the Mach number. Fig. 3(a) shows our simulated Mach contours are shown in Fig. 3(a) and the Mach number profiles along the centerline of channel are compared in Fig. 3(b) for different inlet pressures p i . Note that Fig. 2 has already indicated that in all of these cases, the gas flows are choked. The results in Fig. 3 show that, even though the gas flows are choked, the sonic area or point is not achieved in the microchannel, which is different from the previous result [16] . In other words the appearance of sonic point is not necessary for gas choking in microchannel and gas flows may be choked at both subsonic and sonic speeds. For fear of changing physics, we divide all the choked gas flows into two types: sonic choking and subsonic choking. In sonic choking, the compressibility of gas plays the key role based on the classical gas dynamics; while in subsonic choking, the mechanism may be different and will be discussed in the next section.
Effective pressure ratio
As well known in classical gas dynamics, for gas flow driven by a pressure difference in a straight channel, if the given pressure drop is higher than the critical value, the gas may be accelerated to the sonic speed at outlet and adjust the effective pressure drop by itself based on compressibility. In other word, the effective pressure drop may differ from the given pressure difference. Inspired by this, we check the effective pressure ratios versus the given pressure ratios for both sonic and subsonic choked gas flows in microchannels. Fig. 4 shows the results for different given inlet pressure in a microchannel with a length-height ratio s = 5. The case of p i = 0.1 MPa is used as a reference one for both Fig. 4 (a) and 4(b) because it happens to reach the sonic point (Ma ≈ 1 in very small area in the middle of channel) at the outlet, which has been indicated in Fig. 3(b) . Therefore the effective pressure ratios in Fig. 4(a) are for subsonic gas choking and those in Fig. 4(b) are for sonic choking.
In our simulations, the pressure ratio p i /p o is increased by reducing the outlet pressure p o for a given inlet pressure p i . The results in both figures (4(a) and 4(b) larger than a value), the no matter how the gas gets choked, it is very interesting to find that the effective pressure ratio (p i /p o ) acting on the channel becomes asymptotically changeless for a given inlet pressure, as shown in Fig. 4(a and b) . In other word, when the pressure ratio on buffer regions is large enough and keep increasing, the effective pressure ratio will only mount with infinitesimal to approach the value at a vacuum outlet. This may be the main phenomenal cause of gas choked for large given pressure ratios. The asymptotical effective pressure ratios are different for subsonic or sonic gas choked flows. For the subsonic gas choking, as shown in Fig. 4(a) , these ratios look close for different inlet pressures p i . The lower is p i , the closer are the ratios. The sonic gas choking is quite different as shown in Fig. 4(b) . The asymptotical effective pressure ratios vary significantly with the inlet pressures. The higher is p i , the lower is the ratio. In fact, it is the existence of buffer region in the outlet region, which is necessary compared with experiments, that leads to this asymptotical change.
The pressure drop is to drive the gas flow in the channel, overcoming surface resistance, and to accelerate the flow to higher speed if possible. For sonic choked flows, the flow compressibility plays the key role to adjust the pressure distribution in the channel. For the subsonic choking, the mechanism is different. As known that the surface resistance increases sensitively with the gas flow speed in the channel. For a given high pressure drop between reservoirs, the gas actually compromises between expansion-acceleration and speed-up-resistance-rising. The effective pressure distribution acting on the channel is therefore reformed according to the balance between the driving force and the surface and inertial resistance. No theories up to now can perfectly explain the significant pressure drop from the channel outlet (p o ) to the reservoir (p o ) for a subsonic gas flows. Yet the NASA report [39] found that an expansion wave may form and propagate pressure information even in subsonic gas flows. Although the expansion wave has not been caught in our simulations, it is reasonable to believe that it is the expansion wave downstream the channel outlet that holds the effective pressure ratio (p i /p o ) when the outlet pressure p o decreases lower than the critical value. A recent experiment and analysis on expansion wave of rarefied gas flow confirms our suspicion on the role of expansion wave for reforming the pressure at the outlet region [40, 41] . Further studies are still necessary to discover the mechanism of expansion wave in subsonic flows. Meanwhile the strong non-equilibrium effect at outlet may play another key role because the Knudsen number at outlet is very high generally.
Length-height ratio
As stated above, the surface friction plays an important role in choked gas flows in microchannel. A recent study has shown that the length-height ratio of channel dominates the effective resistance of gas flows in microchannels [29] . In this contribution, we model the choked gas flows in microchannels with different length-height ratios driven by a given inlet pressure p i to vac- uum. The channel height is fixed and the length is changable. Fig. 5(a) shows the Mach number distributions of choked gas flows along the centerline of the channel for different lengths. As the microchannel becomes longer for a given inlet pressure, the maximum of Mach number in the flow may drop from unity to smaller, and the choked flows can degrade from sonic choking to subsonic choking. It means that the length-height ratio may change the choking pattern of gas flows in microchannels.
It is known from Fig. 4 that the effective pressure ratio (p i /p o ) acting on the channel becomes asymptotically changeless for a given inlet pressure when the pressure ratio on the buffer regions (p i /p o ) is high enough. The asymptotical effective pressure ratio p * asym can be accurately calculated by assigning the outlet boundary condition as vacuum for a given p i . It is clear that p * asym highly depends on the surface friction and therefore on the length-height ratio (s). Fig. 5(b) shows the relationship between p * asym and s, which appears linear. A fitting line is also plotted in the same figure and the coefficient of determination R 2 = 1 means the linearity is perfect for this case. This linear response between the balanced effective pressure ration p * asym and the channel length means that the surface friction plays the key role in the subsonic choked gas flow in microchannels. It should be noted that when length height ratio is large enough, 100 for example, this linear behavior may not hold any more by our further simulations. 
Conclusions
In this work, we studied the mechanism of choked gas flows in straight microchannels using the generalized Enskog Monte Carlo (GEMC) method. Our results are concluded as follows. (i) Numerical simulations indicate that the sonic point does not always appear even though the gas flows are choked in microchannels. It depends on the inlet-outlet pressure ratio and the length-height ratio of the channel. (ii) The choked gas flows in microchannel can be divided into two types: sonic choking and subsonic choking. (iii) The effective pressure ratio (p i /p o ) really acting on the channel becomes asymptotically changeless when the given pressure ratio on the buffer regions (p i /p o ) is higher than a certain value. The subsonic choking may caused by the expansion wave or the strong non-equilibrium effect at the outlet of channel. (iv) The asymptotical value of p i /p o also depends on the inlet pressure and geometrical information of channel. For a choked gas flows with a given inlet pressure, the asymptotical effective pressure ratio may vary linearly with the length-height ratio.
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